INTRODUCTION
8 temperature for 1 h. The unreacted periodate was depleted by adding 240 µl of ethylene glycol. 153
The solution was dialyzed against 50 mM NH 4 HCO 3 for 16 h and then lyophilized. For covalent 154 coupling of oxidized CPS to amine latex beads, an aliquot of 500 µl of beads was settled by 155 centrifugation at 9000 x g for 3 min in a Sigma 113 centrifuge (Sigma, Osterode am Harz, 156
Germany). The supernatant was removed and beads were washed twice with 0.1 M PBS pH 7.4. 157
One ml of oxidized CPS (1 mg) in phosphate buffer and 10 µl of sodium cyanoborohydride (5 M) 158 in NaOH (1 M) were added to the beads. Tubes were rotated slowly for 2 h at room temperature 159 to keep the beads in suspension. Beads were then collected by centrifugation and the supernatant 160 kept for further quantification of the unlinked oxidized CPS. A solution of 500 µl of phosphate 161 buffer containing 5 mg of NaBH 4 was added to the beads, and the reaction was allowed to 162 proceed for 40 min at room temperature. The reaction was quenched with 100 µl of acetone and 163 beads were collected by centrifugation. Beads were washed four times with PBS pH 7.4 164 containing 0.5% bovine serum albumin (BSA) to coat free binding sites. Finally, beads were 165 resuspended in PBS containing 0.1% BSA and 0.02% NaN 3 and stored at 4°C. The same 166 experiment was performed without oxidized CPS and these beads were used as controls. Residual 167 NaN 3 was removed by washing and dilution in cell culture media prior to addition to cells. 168
The amount of linked CPS on the beads was determined by measuring the difference 169 between the amount of CPS added at the beginning of the reaction and unreacted CPS remaining 170 in the supernatant at the end of the coupling reaction. The unreacted oxidized CPS was quantified 171 by the phenol-sulphuric method in microplates (15) using oxidized CPS as a standard. The 172 presence of intact sialic acid and the antigenic properties of the CPS were evaluated by 173 immunofluorescence using both a FITC-conjugated lectin isolated from Sambucus nigra (Vector 174 Laboratories, Burlingame, CA) which binds preferably to sialic acid in an α2,6 linkage, and a 175 on August 28, 2017 by guest http://iai.asm.org/ Downloaded from 9 rabbit anti-S. suis hyperimmune serum, that recognizes CPS epitopes (22) . Unlinked beads and 176 CPS-linked beads were blocked for 10 min in PBS containing 2% BSA, followed by the addition 177 of either S. nigra FITC-lectin or the anti-S. suis antibodies for 30 min. Beads were washed four 178 times with PBS-BSA 1%. When anti-S. suis antibodies were used, the secondary antibody Alexa-179
Fluor 488 goat anti-rabbit IgG was added to beads preparation for 15 min for signal detection. 180
Beads were washed four times in PBS-BSA 1% and mounted on glass slides with mowiol to be 181 analyzed by confocal microscopy (see below). 182
In addition, the level of CPS oxidation obtained prior to bead linkage was evaluated by 183 gas chromatography (GC) of the peracetylated derivatives. Briefly, oxidized CPS (0.9 mg) was 184 reduced by adding 200 μl of NaBH 4 (20 mg/ml) in NH 4 OH (2 M) for 24 h at room temperature. 185
The reaction was quenched with 100 µl of acetone and evaporated to dryness using a stream of 186 N 2 at 40°C. The composition of the residue was determined by methanolysis: methanol (465 μl) 187 and acetyl chloride (35 μl) were added to the residue. The solution was heated for 15 h at 75°C, 188 evaporated to dryness, and 500 ml of tert-butanol was added and evaporated to dryness. The 189 methyl glycosides were acetylated with 100 μl of pyridine and 100 μl of acetic anhydride at 190 100°C for 20 min. The cooled solution was partitioned with 5 ml of water and 2 ml of CH 2 Cl 2 . 191
The organic layer containing the peracetylated methyl glycosides was analyzed by GC using Canada). A total of 50 000 gated events were acquired per sample and data analysis was 234 performed using the CellQuest software. In additional experiments, different concentrations of 235 beads and incubation times were also tested by FACS (see Table 1 cholera toxin-Alexa-Fluor 568 (Invitrogen) was used as described previously (11). Briefly, J774 248 macrophages were grown on coverslips and then infected as described above. After a wash step 249 with PBS at the end of infection, cells were incubated for 10 min at 4°C with 5 μg/ml of cholera 250 toxin to prevent its internalization. Finally, cells were washed and fixed. In selected experiments, 251 macrophages were incubated with either CPS-linked latex beads or unlinked control latex beads 252
(1 x 10 6 beads/ml) for 30 min and cells were stained with cholera toxin as indicated above. 253
Finally, for macrophage cell membrane staining, CellTracker™ CM-Dil (Invitrogen), a dye that 254 covalently binds to cellular thiols, was used as recommended by the manufacturer. Samples were 255
analyzed with an IX-80 confocal microscope as described above. factor and it plays an important role in the pathogenesis of various bacteria, such as S. suis type 2 320 (2, 17). To better understand its role and influence during phagocytosis, we covalently linked 321 type 2 CPS to latex beads. Adapted from a technique that covalently links CPS to protein carriers 322 (21), reductive amination was used to treat and bind purified S. suis type 2 CPS to latex beads 323 functionalized with amine groups (Fig. 1A) . For every 1 mg of CPS used in the assay, quantities 324 of CPS were measured to determine the coupling efficiency. Approximately 30% (326 μg) of 325 oxidized CPS was found to be covalently linked to latex beads. It is important to note that the 326 level of CPS oxidation was 26%, meaning that 74% of sialic acid residues were conserved. This 327 is an important feature to allow evaluation of the immunomodulatory properties of CPS. 328
Once the CPS was linked to the latex beads, the quality of the preparation was assayed to 329 determine if bound CPS preserved its antigenic properties, including intact sialic acid-dependent 330
epitopes. An immunofluorescence test with anti-CPS serum showed the presence of CPS on the 331 surface of the CPS-linked latex beads (Fig. 1B, lower left panel) , whereas unlinked beads were 332 non-reactive to the anti-S. suis antibodies (Fig. 1B, upper left panel) . We then examined 333 covalently bound CPS to latex beads to verify that the sialic acid group was intact and still 334 attached α2,6 to galactose. Results showed a positive reaction with S. nigra lectin, indicating that 335 sialic acid is preserved in CPS linked to latex beads (Fig. 1B, lower right panel) , whereas 336 unlinked beads were non-reactive to this lectin (Fig. 1B, upper right panel) . covalently linking latex beads with CPS from S. suis type 2, we performed a phagocytosis study 340 with macrophages. The same quantity of latex beads either unlinked or CPS-linked was added to 341 macrophage cultures for 1 h and 2 h and cells were stained with both anti-S. suis antibodies and a 342 LAMP1 antibody (a marker for an endosome/lysosome membrane protein). Results showed that 343 unlinked latex beads (negative for anti-S. suis antibody staining) were easily internalized by 344 macrophages at both incubation times as revealed by a positive staining with the LAMP1 345 antibody indicating their intracellular location (Fig. 2, control) . CPS-linked beads, positive for 346 anti-S. suis antibody staining, clearly resisted phagocytosis as only few beads were found 347 associated to phagocytes (Fig. 2) . Interestingly, this phenomenon was not strictly related to the 348 cell type, since results obtained with bone marrow-derived dendritic cells showed that they were 349 also unable to internalize CPS-linked beads (Supplemental Fig. 1) . 350
351
Latex beads covalently linked to S. suis type 2 CPS inhibit the phagocytic capacity of 352 macrophages. As a drastic inhibition of macrophage phagocytosis of latex beads covalently 353 linked to CPS was observed, we decided to investigate whether this was a localized effect of the 354 CPS on the phagocyte membrane or CPS-linked beads could exert a more general effect on 355 phagocytosis. To this aim, macrophages were pre-treated with either CPS-linked beads or with 356 unlinked control beads for 30 min (Fig. 3A, uncoloured beads) prior to addition of unlinked 357 fluorescent beads (Fig. 3A, red beads) for an additional 30 min. Phagocytosis was then analyzed 358 by confocal microscopy and FACS. Unlike control beads, pre-treatment of macrophages with 359 CPS-linked beads reduced the number of intracellular red fluorescent beads subsequently added 360 to cultures, indicating that CPS is able to reduce the general phagocytosis capacity of 361 macrophages (Fig. 3A) . Confirming this observation, FACS analysis showed that the phagocytic 362 on August 28, 2017 by guest http://iai.asm.org/ Downloaded from ability of macrophages was reduced by 38.9% in cells that had been in contact with CPS-linked 363 beads ( Fig. 3B and Table 1 ). To further validate the specificity of the CPS effect on phagocytosis 364 of fluorescent beads we compared two different ratios of CPS-linked beads and fluorescent 365 beads. As shown in Table 1 , the capacity of latex beads covalently linked to S. suis type 2 CPS to 366 inhibit the phagocytic machinery of macrophages was dose-dependent. Furthermore, this effect 367 was abrogated when CPS-linked beads and fluorescent beads were added at the same time (co-368 culture) to macrophages, suggesting that a pre-treatment was essential to the observed effect. 369
Taken together, these results suggest that S. suis type 2 CPS-linked beads interact with the 370 macrophage membrane and have a by-standard effect on mechanisms involved in phagocytosis. 371 372 S. suis type 2 CPS disrupts lipid microdomains of macrophages. As CPS covalently 373 linked to an artificial support (latex beads) has an inhibitory effect on phagocytosis, we decided 374 to use a live bacteria model and investigate the effect of S. suis type 2 CPS on components of the 375 plasma membranes of macrophages. To study this objective, we used a CPS-mutant of S. suis 376 and compared it with its WT encapsulated strain. In previous studies, using quantitative 377 techniques combined with confocal and electron microscopy we demonstrated that well 378 encapsulated S. suis is poorly phagocytosed by macrophages, whereas non encapsulated strains 379 are rapidly ingested and killed by most phagocytes, including J774 macrophages (5, 14, 27, 28, 380 35). First, S. suis was allowed to interact with cells for either 30 min or 1 h, and then lipid 381 microdomains were labeled with cholera toxin. Cholera toxin binds to GM1 ganglioside, 382 typically giving a punctured pattern at the surface (11) (Fig. 4A, white arrows) . Results showed 383 that lipid microdomain patterns seemed to be more irregular and spread apart in macrophages 384 cultured in the presence of WT S. suis compared to CPS-S. suis mutant strain. In contrast, no 385 differences in cell membrane staining were observed when using CM-Dil to label cellular thiols 386 Macrophages infected with the WT strain showed reduced amount of GM1 ganglioside in 395 insoluble fractions, corresponding to lipid microdomains, compared to those infected with the 396 CPS-strain, which contain a higher amount of GM1 in the same fractions (Fig. 4B, insoluble) . 397
This reduction was observed at both 30 min and 1 h post-infection. Although GM1 staining of 398 soluble fractions spread from 8 to 10, their combination for quantification did not show a 399 significant difference in the amount of GM1 in soluble fractions between WT-infected and CPS-400 mutant-infected macrophages (Fig. 4B, soluble) . To further evaluate the effect of CPS in lipid 401 microdomain integrity, macrophages were incubated with either CPS-linked beads or with 402 unlinked control beads for 30 min and then cells were labeled with cholera toxin. Similarly to 403 that observed with WT S. suis-infected cells, lipid microdomain patterns seemed to be diffuse and 404 spread apart in macrophages cultured in the presence of CPS-linked beads compared to that 405 observed with control beads (Fig. 4C) . Taken together, these experiments (Fig. 4A-C transduction pathways linked to these microdomains could be affected. As NO production has 412 been shown to be activated by the Lyn kinase pathways and is linked to components of 413 microdomains (31), we decided to follow its production by macrophages stimulated with either 414 the WT strain or its CPS-mutant. NO production was evaluated after 1 h, 6 h and 24 h of 415 bacteria-cell contact (Fig. 5) . NO production was visibly higher when cells were activated with 416 the CPS-mutant, whereas a relatively low production was observed with the WT strain, 417
suggesting that signaling pathways involved in NO production are inhibited by the presence of 418 the CPS. 419 420
S. suis type 2 CPS blocks pathogen pattern recognition by LacCer in lipid 421
microdomains of macrophages. NO production is controlled by Lyn kinase, which can be 422 activated by LacCer, present in the lipid microdomains of the membrane of immune cells (31). 423
LacCer recognizes pathogen surface patterns, although its interaction with S. suis has never been 424 studied. To determine the possible role of LacCer in the phagocytosis of S. suis type 2, we 425 performed a series of experiments using a fluorescent marker (LacCer linked to a BODIPY 426 fluorophore) and an inhibitor of actin polymerization (cytochalasin D). Cytochalasin D is a 427 potent inhibitor of phagocytosis which prevents pseudopode extension. In a first experiment, 428 macrophages were infected with either S. suis WT strain or CPS-mutant. S. suis (Fig. 6A, red) . 429
Bacteria and LAMP1 (Fig. 6A, green) were co-stained with specific antibodies and average 430 integrated fluorescence intensities were quantified. We observed an increase of 275% of 431 internalized S. suis when CPS is absent (P < 0.05) (Fig. 6A, untreated) . Treatment of 432 macrophages with cytochalasin D, followed by co-staining and quantification of the fluorescence 433 intensities of S. suis and LAMP1 showed no increase of internalized S. suis (Fig. 6A, CytoD) . In a second experiment, macrophages were pre-treated for 30 min with LacCer-BODIPY 438 (Fig. 6B, green) to incorporate fluorescent glycosphingolipid in the lipid microdomains of their 439 plasma membranes, followed by infection with WT or CPS-S. suis as in the first experiment. In 440 this case, cells were not permeabilized so we could differentiate external from internalized 441 bacteria. Hence, stained S. suis are at the surface of macrophages (Fig. 6B, red) . Macrophages 442 that were infected with CPS-S. suis showed a 177% increase of quantity and intensity of LacCer-443 positive vacuoles (P < 0.05) (Fig. 6B, untreated) . Inhibition of actin polymerization and 444 phagocytosis by treatment with cytochalasin D abolishes this increase, demonstrating an existing 445 correlation between LacCer and internalized CPS-S. suis mutant (Fig. 6B, CytoD) . 446
The second experiment was analyzed by close-up magnification to verify the 447 accumulation of LacCer at the phagocytic cup during internalization of CPS-S. suis (Fig. 6C) . 448
When macrophages were infected with CPS-S. suis, a clear accumulation of LacCer at the cup in 449 various areas of the cells were observed as well as a morphological continuity between the non-450 internalized portion of the Streptococcus chain and the internalized one (Fig. 6C, CPS-, arrow) . 451 WT S. suis shows neither such continuity nor clear accumulation of LacCer at bacteria-cell 452 contact points (Fig. 6C, WT capacity of macrophage to internalize S. suis WT (Fig. 7, left panels) . Filipin treatment of 464 macrophages partially prevented internalization of the CPS-mutant of S. suis (Fig. 7, Surface polysaccharides can also display similarities to host antigens and are often poorly 475 immunogenic (26, 39). The role of S. suis type 2 CPS as an anti-phagocytic factor has already 476 been shown by different research groups using isogenic mutants defective in CPS production (3, 477 6, 35, 41). Nevertheless, the mechanisms underlying the anti-phagocytosis function of S. suis 478 CPS have never been addressed. In the present study, specific pathways used by the type 2 CPS 479 of S. suis to protect it against phagocytosis by macrophages were investigated. 480
Macrophages can efficiently internalize latex beads to form nascent phagosomes 481 displaying all their properties, such as maturation protein markers like LAMP1 (12, 23). To 482 obtain CPS-linked latex beads, we adapted a technique commonly used to conjugate a protein 483 carrier to CPS (21) replacing the protein by a latex bead with amine groups at its surface, which 484 covalently link purified CPS. We obtained an artificial particle about the size of a bacterium, 485 which allows us to discriminate biological effects on phagocytes directly related with CPS 486 without interference from other virulence factors. Our results showed that linking S. suis type 2 487 CPS to latex beads is sufficient to impair their phagocytosis not only by macrophages, but also by 488 dendritic cells. This could be due to CPS acting as a shell that prevents contact between the latex 489 beads and the surface of macrophages. However, results obtained in the present study 490 demonstrate that S. suis type 2 CPS plays a more active and specific role at the macrophage 491 showed that the stimulation of cytokine production by S. suis is phagocytosis-independent (38). 536
As NO production has been linked to the cascade of LacCer and Lyn kinase (32), we examined 537 a Either CPS-linked latex beads (Beads-CPS) or unlinked control beads were added together with red fluorescent latex beads (Fluo-beads) at the same concentration (5 x 10 5 beads/ml; ratio 1:1) to J774 macrophages and incubated for 30 min. n.d., not done.
b Either Beads-CPS or unlinked control beads were added at 1 x 10 6 beads/ml or 5 x 10 5 beads/ml to cells. After 30 min of bead pre-treatment, Fluo-beads were added at a final concentration of 5 x 10 5 beads/ml to obtain a ratio of 2:1 and 1:1 to Beads-CPS, respectively. After 30 min of incubation, phagocytosis of Fluo-beads was analyzed by FACS. 
